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Abstract 
High speed and conventional speed grinding characteristics of a thin film multilayer solar 
panel were investigated. The grinding force and surface roughness were measured and the 
interface integrity of the ground workpieces was examined. The results indicated that when 
applying a high wheel speed of up to 120 m/s the ground surfaces predominantly exhibited 
ductile flow and the interface integrity was significantly improved. The maximum 
undeformed chip thickness was found to be an important parameter to measure grinding 
performance and interfacial failure. Delamination was observed at interfaces when the 
maximum undeformed chip thickness exceeded a threshold value and the finite element 
method (FEM) analysis revealed that the interfacial failure was mainly induced by shear 
stress.  
 
Keywords: multilayer, thin film, high speed grinding, interface, delamination, FEM.  
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1. Introduction 
Thin film multilayers are widely used in micro-electro-mechanical system (MEMS) devices 
[1, 2], as well as in semiconductor and photovoltaic systems [3-5]. The application of thin 
film multilayer structures into device making usually requires machining of the multilayers. 
However, it is challenging to efficiently machine thin film multilayers without 
compromising their surface integrity, because the films are often not only extremely thin, 
but have dissimilar material properties [5, 6]. Chipping and interfacial delamination could 
occur if machining conditions were not appropriately selected [7], which would lead to 
malfunction and hence affect device reliability. Therefore, it is of great significance to 
comprehensively understand the deformation and failure mechanisms of thin film 
multilayers involved in machining processes.  
The previous studies [6-8] were largely concerned with structure failure and material 
removal mechanism of thin film multilayers involved in abrasive machining processes. For 
instance, Taro et al. carried out the studies on the grinding of thin film solar panels [6, 7]. 
When a high material removal was employed, chipping occurred and thin film multilayers 
were damaged during grinding [7]. When significantly small depths of cut of several 
micrometres were used in their grinding process, surface integrity of the multilayers was 
considerably improved, similar to the quality produced by polishing [6]. The fundamental 
understanding of failure and removal mechanisms of solar panel multilayers was also 
carried out using nanoscratching [8, 9], in combination of finite element modelling (FEM) 
[8]. It was revealed that delamination occurred at relative weak interfaces and plastic 
removal without fracture could occur in brittle thin film layers when a critical scratch depth 
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was reached, which was also affected by tip geometry and material properties of thin film 
layers [9]. The FEM stress analysis [8] further revealed that the interfacial failure involved 
in an abrasive machining process was attributed to significantly high shear stress induced at 
the interface between two dissimilar materials. By controlling the grit depth of cut, or grit 
load, in a removal event, the thin film multilayer could be machined efficiently with good 
control of chipping and delamination, which enabled to achieve satisfactory surface quality 
[9].  
High speed grinding has been long proven for its application in high efficiency machining 
of brittle materials [10, 11]. In a high speed grinding process, an increased grinding speed 
can reduce the maximum grit depth of cut (or maximum undeformed chip thickness), and 
thus the grinding force [12-14]. The reduction in grinding force would help improve the 
ground surface quality. For the machining of thin film multilayers, the reduction in normal 
force would be especially important for improving the machined surface integrity as it 
could lower the stress at thin film interfaces, and therefore decrease the possibility of 
occurrence for interfacial delamination [8]. Nevertheless, till now none has been reported 
on the effect of high speed grinding conditions on the interfacial failure mechanisms. 
This work studied the grinding characteristics and interfacial failure mechanisms of a thin 
film multilayer during conventional and high speed grinding processes. The effect of 
grinding conditions on the ground surface quality was systematically investigated. High 
grinding speed was performed in order to achieve smooth surfaces and intact thin film 
interfaces. The maximum undeformed chip thickness was used to interpret the transition 
between removal modes. The underlying mechanism of interfacial failure was also studied 
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using FEM analysis. The critical stresses resulted from nanoscratching, lapping and 
grinding were compared.  
2. Material and methods 
2.1 Specimens 
Thin film multilayer specimens being investigated in this study were taken from a Si thin 
film solar panel. The multilayer consists of a glass substrate, a front transparent conductive 
oxide layer of SnO2, a photovoltaic layer of a-Si, a transparent conductive oxide layer of 
ZnO and an Al metal contact layer, with layer thickness of approximately 4 mm, 800 nm, 
600 nm, 80 nm and 550 nm, respectively, as shown in Fig. 1(a). The mechanical properties 
of the thin film material were studied previously and are shown in Table 1. The specimens 
for grinding had a rectangular shape of 15 mm × 10 mm, which were wire-cut from the 
solar panels. For grinding experiments, two pieces of such specimens were glued face to 
face (thin film side) using epoxy resin, so both grinding directions could be examined under 
the same condition. The surfaces to be ground were well polished to make sure that the 
defects from sample preparation would be fully removed. 
Table 1: Mechanical properties of the thin film layers [8]. 
Layer Film thickness (nm) 
Elastic modulus 
(GPa) 
Hardness 
(GPa) 
Yield Stress 
(GPa) 
Glass - 77.1 7.0 3.9 
SnO2 800 201.5 18.8 12.7 
ZnO 80 201.5 - 12.7 
a-Si 600 67.7 6.4 4.7 
Al 550 28.2 1.8 0.2 
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Fig. 1: (a) A SEM micrograph of the thin film multilayer. (b) Top view of the 3D FEM 
model with boundary conditions. 
2.2 Grinding procedure 
Grinding experiments were performed on a precision grinding machine (Okamoto 
UPZ315Li, Japan). The machine spindle is capable of running up to 20,000 rpm for a wheel 
diameter of 180 mm. The power of the spindle drive motor is 2.2 KW. The infeed 
resolution is 0.1 µm.  Diamond wheels (A.L.M.T. Co., Japan and Asahi Diamond, Japan) 
with different grit sizes and bonds were used. Two resin bond wheels used had average grit 
sizes of 17 µm (SD800) and 7 µm (SD2000) and a vitrified wheel (SD6000) had an average 
grit size of 2 µm. Vitrified bond was used because resin bond is unable to hold very fine 
diamond abrasives. The error of wheel deformation caused by the use of different bond 
materials was assumed to be insignificant as the three wheels had similar hardness values 
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and the same geometries (which are consisted of an abrasive layer of 2 mm thick and an 
aluminium core of 176 mm in diameter) [15]. A conventional wheel speed of 40 m/s and 
two high-speeds of 80 m/s and 120 m/s were used to examine the effect of wheel speed. 
Table speed was varied from 250 mm/min to 4000 mm/min and the grinding depth of cut 
(DOC) was changed from 1 µm to 20 µm. All the grinding experiments were conducted on 
the cross-sectional surface via down grinding and table feeding direction was kept 
perpendicular to thin film layers. Prior to each grinding test, the grinding wheel was trued 
by a silicon carbide truing wheel of 800 in mesh size using the same conditions as those in 
the grinding process. Dressing was followed by using an alumina stick of 800 in mesh size 
to gentle contact the rotating wheel for approximately 20 seconds. The truing process had 
the same conditions as those used in the grinding experiment. The wheel was balanced at 
the grinding speed being used during each test to attenuate vibration and improve grinding 
performance [16, 17], using a dynamic balancing instrument (Sigma Electronics SB-8002, 
USA). Five preliminary grinding passes were carried out using a depth of cut of 5 µm prior 
to each grinding test to make sure all the samples had the same surface status. Water 
miscible coolant (Kyodo Noritake COOLN-50TC, Japan) was applied to the grinding zone 
with a coolant/water ratio of 3%. 
2.3 Characterization methods 
The normal and tangential grinding forces were directly measured by use of a piezoelectric 
dynamometer (Kistler 9257B, Switzerland) and the data was recorded into a personal 
computer for further analysis. The forces measured during a grinding test were in fact the 
sum of the “real” grinding force and the force induced by coolant. It is well documented 
that the coolant induced forces in high speed grinding could be significant [14]. Therefore, 
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in this study the grinding force was first measured by conducting a grinding pass without 
infeed, which gave the coolant induced force. The “real” grinding force was then calculated 
by subtracting the coolant induced force from the force measured in the actual grinding test. 
An atomic force microscope (AFM, Ambios Tech., USA) was used to measure surface 
roughness of the ground thin film layers. For each test, grinding was repeated for three 
times and roughness of the ground surface was measured at three different locations on 
each sample. The ground surface was cleaned in an ultrasonic bath for 10 minutes prior to 
surface examination using a scanning electron microscope (SEM, JEOL JSM-7001F, 
Japan). 
2.4 Maximum undeformed chip thickness ( mh ) 
The maximum undeformed chip thickness, hm, was used to measure the effect of grinding 
conditions on grinding performance [18-20]. The mh  value was calculated as [21]: 
( ) ( ) ( )1/2 1/41/23 / tan / /  m w s e sh C v v a dθ=              (1) 
where θ  the semi-included angle of the active grain point, wv  the workpiece velocity, sv  
the peripheral wheel speed, ea  the depth of cut, sd  the wheel diameter. For the wheels used 
in this study, 60θ = ° . C  represents the active grain density and it can be calculated using a 
geometric relationship derived by Xu et al. [22] as follows: 
( )2/324 / 4π / 3  gC f d v=                                                      (2) 
where
 f  is the fraction of diamond particles that were active in grinding, gd  is the 
equivalent spherical diameter of diamond particle, and v  is the volume fraction of diamond 
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abrasives in the grinding wheel. In this study, it was assumed that one half of the diamond 
particles on a wheel surface were actively engaged in cutting [22]. The average normal 
force per grain ( nf ) was thus expressed as: 
/n n cf F Cbl=                                                                  (3) 
where b  is the diamond wheel width, ( )1/2c e sl a d=  the length of the grinding zone.  
2.5 Finite element method 
A 3D symmetrical FEM model consisting 191,636 tetrahedron elements was built up to 
simulate the single grit penetration and sliding process using ANSYS 14.0 software. Both 
substrate and thin film layers were meshed gradually with 8-node SOLID185 elements. The 
model base was constrained using fixed boundaries. The top views of the meshing and 
boundary conditions are shown in Fig. 1(b). Boundary effects were minimized by meshing 
a volume of 10 times larger than the scratched area. A spherical diamond tip was modelled 
as a perfectly rigid body in this study because the hardness and elastic modulus of diamond 
grits are much greater than the respective values of glass substrate and thin films. During 
simulation, a tip started sliding 2 µm away from the first interface being crossed at a 
constant velocity. It should be noted that the grinding induced thermal effect was not taken 
into account in the simulation. An iterative approach was carried out to ensure that the 
materials properties input into the model [23] were appropriate. The details on the FEM 
modelling could be found elsewhere [8].  
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3. Results 
3.1 Effect of grinding parameters 
3.1.1 Wheel speed 
Fig. 2 shows the surface characteristics of the thin film multilayers ground using various 
wheel speeds using the grinding wheel of grit size of 7 µm, where DOC and table speed 
were kept constant at 5 µm and 250 mm/min, respectively. Fig. 2(a) shows the ground 
surface at the conventional grinding speed of 40 m/s, where severe fractures are observed at 
the interface between SnO2 and a-Si layers. When the wheel speed increased to 80 m/s, 
surface fractures were significantly reduced and one relatively large chipping was seen at 
the interface of SnO2 and a-Si layers at the right bottom corner of Fig. 2(b). Further 
increase in wheel speed to 120 m/s, the ground surface finish was considerably improved. 
As shown in Fig. 2(c), no significant fracture or chipping is observed and distinct grinding 
grooves are seen on both substrate and thin film layers.  
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Fig. 2: Ground surface characteristics of the thin film multilayer for different wheel speeds 
of (a) 40 m/s, (b) 80 m/s and (c) 120 m/s, while DOC = 5 µm, table speed = 250 mm/min 
and grit size = 7 µm. 
 
3.1.2 Depth of cut (DOC) 
Fig. 3 shows the thin film multilayers ground using different cutting depths for the grinding 
wheel of grit size of 7 µm, where the table speed and wheel speed were fixed at 250 
mm/min and 40 m/s, respectively. Fig. 3(a) shows the ground surface with DOC of 1 µm, 
where only small cracks were observed in the thin film layers of SnO2 and a-Si and the 
glass surface was smooth. With a greater DOC of 5 µm used in grinding, apparent failure 
was observed at the interface between SnO2 and a-Si layers, as indicated by the arrow 
shown in Fig. 3(b), and distinct grinding grooves on the substrate were also seen. Fig. 3(c) 
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shows the ground surface using DOC of 10 µm, where significant fractures occurred on the 
multilayer surface, and a very large chipped area was found on the glass substrate surface 
too. It is quite clear that the increase in DOC from 1 µm to 10 µm significantly worsened 
the multilayer and substrate surfaces. 
 
Fig. 3: Ground surface characteristics of the thin film multilayer for different depths of cut 
of (a) 1 µm, (b) 5 µm and (c) 10 µm, while wheel speed = 40 m/s, table speed = 250 
mm/min and grit size = 7 µm. 
3.1.3 Effect of table speed 
Fig. 4 shows the surfaces ground using the 7 µm wheel at different table speeds, where 
DOC and wheel speed remained unchanged at 5 µm and 40 m/s, respectively. The surface 
shown in Fig. 4(a) was ground using a table speed of 250 mm/min. At this table speed, 
large chipping areas and interfacial delamination could be observed on the surface of the 
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multilayer. Increasing table speed to 1000 mm/min led to more severe damage generated at 
the interface of SnO2 and a-Si layers than that obtained at 250 mm/min. At the higher table 
speed of 2000 mm/min. used in this study, significant interfacial delamination was induced 
at both interfaces of SnO2/a-Si and a-Si/ZnO and the multilayer structure was severely 
damaged, as shown in Fig. 4(c). For all the table speeds used, ploughing grooves were 
visible and no distinct brittle fracture was seen on the glass substrate.  
 
Fig. 4: Ground surface characteristics of the thin film multilayer for different table speeds 
of (a) 250 mm/min, (b) 1000 mm/min and (c) 2000 mm/min, while wheel speed = 40 m/s, 
DOC = 5 µm and grit size = 7 µm.  
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3.1.4 Grit size 
Fig. 5 shows the typical SEM images of the multilayer surfaces ground using different grit 
sizes for different wheel speeds used, while DOC and table speed were kept at 5 µm and 
250 mm/min, respectively. It should be noted that the SEM micrographs in the middle 
column were shown in Fig. 2, but replotted here for comparison purpose. Obviously, the 
smaller the wheel grit employed, the better surface quality was achieved for all the speeds 
used. As shown in Figs. 5(a, b, c), severe damages were produced on both substrate and 
thin film multilayer when the wheel of grit size of 17 µm was used. The thin film layers and 
interfaces were barely distinguishable as brittle fracture was overwhelming, although a 
slightly better multilayer surface was produced when the greatest speed of 120 m/s was 
used. When using a finer grit size of 7 µm, glass substrate appeared to be smooth, as seen in 
Figs. 5(d, e, f). Small interfacial cracks were seen at the interface between SnO2 and a-Si 
layers for the wheel speed of 80 m/s (see Fig. 5(e)). For the wheel speed of 120 m/s used, 
no apparent damage was observed on both substrate and multilayer. The surfaces ground 
using the smallest grit size of 2 µm are shown in Figs. 5(g, h, i). No facture evidence was 
observed on the thin film layers when higher wheel speeds were employed, as shown in 
Figs. 5(h) and 5(i), although some small cracks were evident at the interface between a-Si 
and ZnO layers at the conventional grinding speed of 40 m/s, as shown in Fig. 5(g). When 
using the wheel grit size of 2 µm, there was no evidence of cracks on the substrate surfaces 
after grinding.  
Page 14 of 43
Ac
ce
pte
d M
an
us
cri
pt
14 
 
 
Fig. 5: Ground surface characteristics of the thin film multilayers for different grit sizes and 
grinding wheel speeds while DOC = 5 µm and table speed = 250 mm/min. (a) 17 µm grit, 
40 m/s, (b) 17 µm grit, 80 m/s, (c) 17 µm grit, 120 m/s; (d) 7 µm grit, 40 m/s, (e) 7 µm grit, 
80 m/s, (f) 7 µm grit, 120 m/s; (g) 2  µm grit, 40 m/s, (h) 2 µm grit, 80 m/s, (i) 2 µm grit, 
120 m/s. 
3.1.5 Grinding direction 
The effect of grinding direction, i.e. abrasive grits moving from glass substrate to thin film 
(GF) or from thin film to glass substrate (FG), was shown in Fig. 6. In this 
investigation, the wheels of grit sizes of 7 µm and 2 µm were used and the grinding 
parameters were judiciously chosen to induce typical interfacial delamination but not cause 
catastrophic failure to the thin film layers. It is seen that for the 7 µm grit wheel used, the 
surface ground for the direction of GF had much more severe interfacial damage than 
that ground from FG, as shown in Figs. 6(a) and 6(b). For the smaller grit size of 2 µm 
used, the interfacial damage almost disappeared when the feed direction was chosen from 
FG, as shown in Figs. 6(c) and 6(d). 
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Fig. 6: Ground surface characteristics of the thin film multilayers for different grit moving 
directions, i.e. glass to film (GF in left column) and film to glass (FG in right column). 
(a, b) Grit size = 7 µm, wheel speed = 40 m/s, DOC = 5 µm and table speed = 250 mm/min. 
(c, d) Grit size = 2 µm, wheel speed = 40 m/s, DOC = 10 µm and table speed = 250 
mm/min. 
3.2 Interfacial failure 
The SEM examination showed that interfacial delamination mainly occurred at the 
interfaces between a-Si and ZnO layers and SnO2 and a-Si layers. Table 2 summarises the 
grinding conditions for inducing interfacial delamination based on the examination results 
shown in Figs. 2 to 6, together with the maximum undeformed chip thicknesses calculated 
using Eq. (1) according to the grinding conditions employed. It is seen from Table 2 that 
interfacial delamination was induced when mh  was greater than 7.2 nm for the 7 µm grit 
wheel and 3.5 nm for the 2 µm grit wheel. When mh  was over 8.5 nm for the 7 µm grit 
wheel or 4.2 nm for the 2 µm grit wheel, delamination occurred at the SnO2/a-Si interface. 
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Apparently, the interface between SnO2 and a-Si layers exhibited stronger adhesion than 
that between a-Si and ZnO layers. 
Table 2: Grinding conditions, maximum undeformed chip thicknesses and interface status 
Grinding condition 7 µm wheel (SD2000) 2 µm wheel (SD6000) 
No.  
sv  
(m/s) 
 
ea  
(µm) 
 wv  
(mm/min) 
 mh  
(nm) 
Delaminated 
interface 
 
mh  
(nm) 
Delaminated 
interface 
1 120 1 250 4.8 - 1.3 - 
2 80 1 250 5.9 - 1.7 - 
3 120 5 250 7.2 a-Si/ZnO 2.0 - 
4 40 1 250 8.3 a-Si/ZnO 2.4 - 
5 120 10 250 8.5 SnO2/a-Si 2.4 - 
6 80 10 250 10.4 SnO2/a-Si 3.0 - 
7 40 5 250 12.4 SnO2/a-Si 3.5 a-Si/ZnO 
8 80 20 250 12.4 SnO2/a-Si 3.5 a-Si/ZnO 
9 120 5 1000 14.3 SnO2/a-Si 4.1 a-Si/ZnO 
10 40 10 250 14.7 SnO2/a-Si 4.2 SnO2/a-Si 
11 40 1 1000 16.6 SnO2/a-Si 4.7 SnO2/a-Si 
12 40 5 1000 24.8 SnO2/a-Si 7.0 SnO2/a-Si 
 
 
3.3 Grinding force 
Fig. 7 shows the effect of grinding conditions on the grinding force for the wheel of grit 
size of 7 µm used. It is seen in Fig. 7(a) that the increase in DOC resulted in increased 
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normal and tangential forces, but the normal grinding force was much greater than the 
tangential one. Similarly, increasing table speed led to the increase in both normal and 
tangential forces, also with the normal force significantly greater than the tangential one, as 
shown in Fig. 7(b). The effect of wheel speed on normal grinding force was substantial. 
The greater the wheel speed, the smaller the normal and tangential forces, as shown in Fig. 
7(c). Nevertheless, the tangential force was much smaller than the normal force and the 
effect of wheel speed on the force reduction was less significant too. 
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Fig. 7: Specific normal and tangential forces plotted as a function of (a) DOC, where table 
speed = 250 mm/min and wheel speed = 40 m/s; (b) table speed, where DOC = 5 µm and 
wheel speed = 40 m/s and (c) wheel speed, where DOC = 5 µm and table speed = 250 
mm/min. 
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3.4 Surface roughness 
The surface roughnesses of the ground glass substrate and SnO2 and a-Si layers were 
measured using AFM. The roughnesses of the ZnO and Al layers were not presented. This 
is because the ZnO layer was so thin (80 nm) that the AFM couldn’t precisely position its 
scanning area. For the Al outer layer the measuring accuracy was significantly affected by 
the edge chipping caused by grinding. Fig. 8 shows the effect of grinding conditions on the 
surface roughness for the wheel of grit size of 7 µm used. As shown in Fig. 8(a), the 
grinding depth had significant effect on the surface finish of glass substrate and thin film 
layers. The decrease in DOC significantly improved their surface finish. Fig. 8(b) shows the 
effect of table speed. The surface finish of SnO2 and a-Si layers was worsened when the 
table speed was increased from 250 mm/min to 1000 mm/min. However, the effect of table 
speed on the surface finish of glass substrate was much less significant than that on the thin 
film layers. In Fig. 8(c), it is seen that a higher wheel speed was beneficial to the 
improvement of surface finish of both substrate and thin film multilayer, but the 
improvement for glass substrate was smaller than those for the two thin film layers for the 
speed increase from 40 to 120 m/s.  
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Fig. 8: Surface roughness values plotted as a function of (a) DOC, where table speed = 250 
mm/min and wheel speed = 40 m/s; (b) table speed, where DOC = 5 µm and wheel speed = 
40 m/s and (c) wheel speed, where DOC = 5 µm and table speed = 250 mm/min. 
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3.5 Critical tensile and shear stresses at interface 
The stresses induced by the scratch of an individual grit that caused delamination at the two 
weakest interfaces of SnO2/a-Si and a-Si/ZnO were simulated using the threshold values of 
maximum chip thickness in Table 1. The values of hm were 7.2 nm for a-Si/ZnO and 8.5 nm 
for SnO2/a-Si when using the 7 µm grit wheel, 3.5 nm for a-Si/ZnO and 4.2 nm for SnO2/a-
Si when using the 2 µm grit wheel. It should be noted that in the FEM analysis 
delamination was not simulated, so the results obtained were in fact the stresses just prior to 
delamination, which should be very close to the critical stresses for causing interfacial 
failure. Note that the tensile stress is defined as the stress perpendicular to the interface and 
the shear stress is defined as the stress component coplanar with the interface. 
Figs. 9 and 10 show the maximum shear stresses at the thin film interfaces obtained from 
the grinding simulation using the critical values of hm for the two different grit sizes used. It 
is seen that the maximum shear stresses are 473.7 and 549.3 MPa at the interfaces of a-
Si/ZnO and SnO2/a-Si, respectively, for the 7 µm grit wheel, as shown in Fig. 9. The 
maximum shear stresses induced by the 2 µm grit wheel are 432.8 and 526.8 MPa for a-
Si/ZnO and SnO2/a-Si, respectively, as shown in Fig. 10. The critical stress at SnO2/a-Si is 
greater than that at a-Si/ZnO for both the wheels. It is also seen that the shear stress 
distributions produced by the two wheels are in similar patterns. Figs. 11 and 12 show the 
maximum tensile stresses obtained for the same grinding conditions used in Figs. 9 and 10. 
It is shown in Fig. 11 that the maximum tensile stress at the delaminating interfaces for the 
7 µm grit wheel is 473.7 MPa for a-Si/ZnO and 549.3 MPa for SnO2/a-Si. Fig. 12 shows 
that the tensile stresses at the interfaces of a-Si/ZnO and SnO2/a-Si are 102.17 and 295.1 
MPa, respectively, for the 2 µm grit wheel. 
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Fig. 13 summarises all the delamination stresses at the interfaces of SnO2/a-Si and a-
Si/ZnO obtained from the grinding simulation using the 7 and 2 µm grit wheels. For 
comparison, the delamination stresses obtained from nanoscratching and lapping of the 
same multilayer structures in our previous study [8] were also shown in this figure. It is 
seen in Fig. 13(a) that the critical shear stresses of the four removal processes that caused 
delamination at the SnO2/a-Si interface varied from 464.1 MPa for lapping to 562.3 MPa 
for the grinding with 2 µm grit wheel, much smaller than the tensile stress variation from 
125.3 MPa for lapping to 786.5 MPa for nanoscratching. Similarly in Fig. 13(b), the shear 
stresses for delamination at a-Si/ZnO interface varied from 313.7 MPa for lapping to 473.7 
MPa for the grinding using 7 µm grit wheel, but the tensile stresses varied from 26.1 MPa 
for lapping and 278.8 MPa for nanoscratching.  
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Fig. 9: Maximum shear stresses at the thin film interfaces obtained from grinding 
simulation using the 7 µm wheel using critical cutting depth values. (a) glass/SnO2, hm=7.2 
nm; (b) SnO2/a-Si, hm=7.2 nm; (c) a-Si/ZnO, hm=7.2 nm; (d) glass/SiO2, hm=8.5 nm; and (e) 
SnO2/a-Si, hm=8.5 nm. 
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Fig. 10: Maximum shear stresses at the thin film interfaces obtained from grinding 
simulation using the 2 µm wheel using critical cutting depth values. (a) glass/SnO2, hm=3.5 
nm; (b) SnO2/a-Si, hm=3.5 nm; (c) a-Si/ZnO, hm=3.5 nm; (d) glass/SiO2, hm=4.2 nm; and (e) 
SnO2/a-Si, hm=4.2 nm. 
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Fig. 11: Maximum tensile stresses at the thin film interfaces obtained from grinding 
simulation using the 7 µm wheel using critical cutting depth values. (a) glass/SnO2, hm=7.2 
nm; (b) SnO2/a-Si, hm=7.2 nm; (c) a-Si/ZnO, hm=7.2 nm; (d) glass/SiO2, hm=8.5 nm; and (e) 
SnO2/a-Si, hm=8.5 nm. 
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Fig. 12: Maximum tensile stresses at the thin film interfaces obtained from grinding 
simulation using the 2 µm wheel using critical cutting depth values. (a) glass/SnO2, hm=3.5 
nm; (b) SnO2/a-Si, hm=3.5 nm; (c) a-Si/ZnO, hm=3.5 nm; (d) glass/SiO2, hm=4.2 nm; and (e) 
SnO2/a-Si, hm=4.2 nm. 
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Fig. 13: Simulated critical shear/tensile stresses for inducing interfacial failure at interfaces 
between thin film layers of (a) SnO2 and a-Si and (b) a-Si and ZnO. 
4. Discussion 
4.1 Grinding characteristics 
It has been hypothesized that during abrasive machining the removal of a brittle material 
could be transited from brittle to ductile mode if the cutting depth of an abrasive grit was 
kept below a threshold value [25]. Under such conditions, plastic flow would become 
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predominant in the material removal and good surface integrity could be achieved in the 
grinding of brittle materials [6, 10-12]. In this study, the surface characteristics of the thin 
film multilayers being ground were examined using SEM. Figs. 2-6 clearly demonstrated 
that brittle removal could be avoided if appropriate grinding conditions were chosen, as 
ploughing striations were clearly observed on the ground layer surfaces. 
However, interfacial damage became a major issue in the grinding of the thin film 
multilayer. Interfacial damage of the ground thin film multilayers was examined using 
SEM. As shown in Figs. 2-6, interfacial failure was considerably affected by the grinding 
conditions. More distinguishable interfaces with improved surface finish were obtained by 
increasing grinding speed from 40 m/s to 120 m/s, as shown in Fig. 2. It is also clear that 
the integrity of multilayer structure could be improved by decreasing the grinding DOC or 
table speed, as indicated in Figs. 3 and 4. The wheel grit size is another important factor. As 
shown in Fig. 5, courser grits generated more severe damage on both substrate and thin film 
layers. When the grit size was too great, such as the case using the 17 µm grit wheel, brittle 
fracture was dominant on both substrate and multilayer. Under such circumstance the 
variation of other grinding conditions wouldn’t make much improvement on surface 
quality, as shown in Figs. 5(a, b, c). 
4.2 Effect of hm on grinding force and surface roughness 
The previous studies [20, 24] have demonstrated that in a grinding process increasing wheel 
speed or decreasing either DOC or table speed would decrease maximum undeformed chip 
thickness, hm, and hence reduce grinding force. To examine how such a chip thickness 
affects the grinding performance of thin film multilayers, the specific normal grinding 
forces shown in Fig. 7 are replotted in Fig. 14(a) as a function of hm calculated using Eq. 
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(1). It is seen in Fig. 14(a) that all the force data appears to fall on one common curve, 
regardless of the different grinding conditions being used. Clearly, hm exhibits as an 
excellent measure of the effect of grinding conditions on grinding force. For a specific 
material being removed, maximum undeformed chip thickness in fact determines the 
maximum depth of grit penetration, and thus the grit load. It is thus not surprising to see 
almost a linear relationship between hm and normal grit load calculated using Eq. (3), as 
shown in Fig. 14(b). 
 
Fig. 14. (a) Specific normal grinding force as a function of hm and (b) experimental normal 
load on an individual abrasive grain against hm. 
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It should be noted that glass substrate was dominant in the multilayer in terms of the 
material volume being removed, so the grinding force was mainly induced from the 
removal of glass. It is extremely challenging to distinguish the contributions to force from 
the removal of thin film multilayers as their volumes are so small. Therefore, examining the 
relationship between the surface roughness of thin film layers and hm might provide more 
direct evidences to characterize the effect of grinding conditions on grinding performances. 
For this reason, the roughness values of glass substrate and SnO2 and a-Si layers for all the 
grinding tests with the wheel of grit size of 7 µm are plotted as a function of hm in Fig. 15. 
As shown in Fig. 15(a), the surface roughness of glass substrate exhibits a good 
dependency to hm, except for the two conditions marked in the red circle, where the SEM 
surface characterization showed severe fracture occurred on glass. Fig. 15(b) shows the 
values of surface roughness of the ground SnO2 layer plotted against hm. As the thin film 
layer only has a thickness of 800 nm, we have intentionally measured the roughness at 
different locations, i.e. at the central area in comparison with those randomly measured on 
the surface. It is clear that the roughness data measured at the central area are slightly 
smaller than those randomly measured ones, indicating that the interface damage did have 
effect on the surface finish of an individual layer. Similarly, Fig. 15(c) shows the surface 
roughness values of the a-Si layer measured at the central area and randomly measured. 
Again, those measured at the central area of the layer are smaller, demonstrating the 
interface effect on surface finish again. 
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Fig. 15. Surface roughness as a function of maximum undeformed chip thickness hm. (a) 
Glass, (b) SnO2 and (c) a-Si. 
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The critical grit depths of cut for glass, SnO2 and a-Si were estimated using the Bifano 
model [25], which are approximately 70 nm [26, 27], 30 nm [28, 29] and 140 nm [30, 31], 
respectively. As the values of hm used in our grinding experiment were smaller than the 
critical depth for ductile-to-brittle transition in glass, the removal of glass substrate was 
expected in the ductile region. This is supported by the roughness measurements shown in 
Fig. 15(a), in which the roughness values varied from 20 to 30 nm. For SnO2 and a-Si 
materials, there are abrupt jumps on their respective roughness data sets, which correspond 
to the hm values of 12 nm for SnO2 layer and 10 nm for a-Si layer. As those two values are 
significantly smaller than the respective critical depths for SnO2 and a-Si, such abrupt 
change shouldn’t be attributed to the material removal transition from ductile to brittle 
mode. However, the two values are very close to the delamination threshold values of 8.5 
nm for SnO2/a-Si interface and 7.2 nm for a-Si/ZnO interface, suggesting that the surface 
roughness of SnO2 and a-Si layers was affected by their interface status. Interfacial cracks 
could propagate into neighbouring layers and generate fragmentation, hence deteriorate the 
surface quality. 
4.3 FEM analysis of interfacial failure 
Our results shown in Figs. 2 to 6 also indicate that interfacial delamination exhibited to be 
the main structural failure during grinding of the multilayer as delamination often occurred 
at the interfaces of a-Si/ZnO and SnO2/a-Si. As summarised in Table 2, the critical hm 
values were 7.2 nm for a-Si/ZnO and 8.5 nm for SnO2/a-Si when the 7 µm grit wheel was 
used and 3.5 nm for a-Si/ZnO and 4.2 nm for SnO2/a-Si for the 2 µm grit wheel. The 
simulation results in Fig. 13 indicate that the shear and tensile stresses for the two wheels 
used are 453.3±20.5 MPa and 100.1±2.0 MPa for a-Si/ZnO and 555.8±6.5 MPa and 
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254.3±40.9 MPa for SnO2/a-Si, respectively. This confirms that the a-Si/ZnO interface is 
weaker than the SnO2/a-Si interface. The shear stresses of 453.3 MPa for a-Si/ZnO and 
555.8 MPa for SnO2/a-Si agree well with the respective values of 452.2 MPa and 525.4 
MPa for nanoscratching, but somehow greater than the respective values of 313.7 MPa and 
464.1 MPa for lapping [8]. However, the tensile stresses of 100.1 MPa for a-Si/ZnO and 
254.3 MPa for SnO2/a-Si from grinding are much smaller than the respective values of 
278.8 MPa and 786.5 MPa for nanoscratching and much greater than those of 26.1 MPa 
and 125.3 MPa for lapping [8]. Obviously, the shear stress results obtained from grinding, 
lapping and nanoscratching demonstrate to be much more consistent with the experimental 
observation of delamination occurrence than the tensile stress results. This might suggests 
that in those three processes, shear stress played a more dominant role in controlling 
interfacial delamination, in comparison to tensile stress. 
The surface finish of the multilayer was improved by changing grinding direction from 
glass-to-film (GF) to film-to-glass (FG), as demonstrated in Fig. 6, where the other 
grinding conditions remained unchanged. In the grinding mode of GF, deformation took 
place in SnO2 layer earlier than in a-Si layer. Great elastic recovery occurred in the SnO2 
layer afterwards. With the progress of scratching, the a-Si layer started to deform, thus 
hindering the recovery of the SnO2 layer and generating concentrated stress at their 
interface. In the grinding mode of FG, scratching direction was reversed, so deformation 
first took place in the a-Si layer and then the SnO2 layer. Because a-Si possesses lower 
elastic modulus and hardness than SnO2, the a-Si layer would experience more plastic 
deformation and less elastic recovery than the SnO2 layer. As a result, in FG mode 
grinding the deformation mismatch between two materials would be smaller. Our FEM 
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analysis confirmed that a smaller stress was generated at interfaces in the FG mode. The 
reduction in stress induced by the change in grinding direction should be beneficial to the 
improvement of surface quality in the multilayer.  
This study demonstrated that by judiciously selecting the grinding conditions such as 
increasing wheel speed the grit depth of cut could be decreased, leading to a smaller grit 
load and hence reduced stress concentration at the interfacial interfaces. This would 
therefore improve surface finishes of the ground thin film multilayer. The merit for using 
high speed grinding was because a higher wheel speed resulted in a thinner chip thickness, 
and hence smaller load and stress without affecting the material removal rate. Using the 
grinding direction from film to substrate was shown to be another effective factor to 
prevent the interfaces from delaminating during grinding. Again, this wouldn’t affect the 
removal rate either.  
5. Concluding remarks 
The deformation and interfacial failure characteristics of a thin film multilayer in grinding 
were systematically investigated. The study showed that the grinding conditions including 
wheel speed, depth of cut, table speed and wheel grit size all had significant effect on the 
ground surface quality of the thin film multilayer being used. The removal mode for the 
individual thin film layers could be transited from brittle to ductile when appropriate 
grinding conditions were used. The maximum undeformed chip thickness was found to be a 
good measure to the effects of grinding conditions on grinding force, surface finish and 
interface delamination. 
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Delamination was observed at the interfaces of SnO2/a-Si and a-Si/ZnO after grinding. The 
occurring sequence of interfacial failure was found to be affected by the maximum 
undeformed chip thickness. FEM stress analysis revealed that the development of shear 
stress agrees well with the experimental observation of delamination occurrence, rather 
than tensile stress, suggesting that shear stress was mainly responsible for interfacial 
delamination induced by grinding. 
This study also demonstrated that high speed grinding was effective for attenuating 
interface damage through reducing chip thickness without compromising the removal 
efficiency during grinding of the thin film multilayer. Changing grinding direction was also 
beneficial to decreasing interfacial damage.  
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List of figures: 
Fig. 1: (a) A SEM micrograph of the thin film multilayer. (b) Top view of the 3D FEM 
model with boundary conditions. 
Fig. 2: Ground surface characteristics of the thin film multilayer for different wheel speeds 
of (a) 40 m/s, (b) 80 m/s and (c) 120 m/s, while DOC = 5 µm, table speed = 250 mm/min 
and grit size = 7 µm. 
Fig. 3: Ground surface characteristics of the thin film multilayer for different depths of cut 
of (a) 1 µm, (b) 5 µm and (c) 10 µm, while wheel speed = 40 m/s, table speed = 250 
mm/min and grit size = 7 µm. 
Fig. 4: Ground surface characteristics of the thin film multilayer for different table speeds 
of (a) 250 mm/min, (b) 1000 mm/min and (c) 2000 mm/min, while wheel speed = 40 m/s, 
DOC = 5 µm and grit size = 7 µm.  
Fig. 5: Ground surface characteristics of the thin film multilayers for different grit sizes and 
grinding wheel speeds while DOC = 5 µm and table speed = 250 mm/min. (a) 17 µm grit, 
40 m/s, (b) 17 µm grit, 80 m/s, (c) 17 µm grit, 120 m/s; (d) 7 µm grit, 40 m/s, (e) 7 µm grit, 
80 m/s, (f) 7 µm grit, 120 m/s; (g) 2  µm grit, 40 m/s, (h) 2 µm grit, 80 m/s, (i) 2 µm grit, 
120 m/s. 
Fig. 6: Ground surface characteristics of the thin film multilayers for different grit moving 
directions, i.e. glass to film (GF in left column) and film to glass (FG in right column). 
(a, b) Grit size = 7 µm, wheel speed = 40 m/s, DOC = 5 µm and table speed = 250 mm/min. 
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(c, d) Grit size = 2 µm, wheel speed = 40 m/s, DOC = 10 µm and table speed = 250 
mm/min. 
Fig. 7: Specific normal and tangential forces plotted as a function of (a) DOC, where table 
speed = 250 mm/min and wheel speed = 40 m/s; (b) table speed, where DOC = 5 µm and 
wheel speed = 40 m/s and (c) wheel speed, where DOC = 5 µm and table speed = 250 
mm/min. 
Fig. 8: Surface roughness values plotted as a function of (a) DOC, where table speed = 250 
mm/min and wheel speed = 40 m/s; (b) table speed, where DOC = 5 µm and wheel speed = 
40 m/s and (c) wheel speed, where DOC = 5 µm and table speed = 250 mm/min. 
Fig. 9: Maximum shear stresses at the thin film interfaces obtained from grinding 
simulation using the 7 µm wheel using critical cutting depth values. (a) glass/SnO2, hm=7.2 
nm; (b) SnO2/a-Si, hm =7.2 nm; (c) a-Si/ZnO, hm =7.2 nm; (d) glass/SiO2, hm =8.5 nm; and 
(e) SnO2/a-Si, hm =8.5 nm. 
Fig. 10: Maximum shear stresses at the thin film interfaces obtained from grinding 
simulation using the 2 µm wheel using critical cutting depth values. (a) glass/SnO2, hm =3.5 
nm; (b) SnO2/a-Si, hm =3.5 nm; (c) a-Si/ZnO, hm =3.5 nm; (d) glass/SiO2, hm =4.2 nm; and 
(e) SnO2/a-Si, hm =4.2 nm. 
Fig. 11: Maximum tensile stresses at the thin film interfaces obtained from grinding 
simulation using the 7 µm wheel using critical cutting depth values. (a) glass/SnO2, hm =7.2 
nm; (b) SnO2/a-Si, hm =7.2 nm; (c) a-Si/ZnO, hm =7.2 nm; (d) glass/SiO2, hm =8.5 nm; and 
(e) SnO2/a-Si, hm =8.5 nm. 
Fig. 12: Maximum tensile stresses at the thin film interfaces obtained from grinding 
simulation using the 2 µm wheel using critical cutting depth values. (a) glass/SnO2, hm =3.5 
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nm; (b) SnO2/a-Si, hm =3.5 nm; (c) a-Si/ZnO, hm =3.5 nm; (d) glass/SiO2, hm =4.2 nm; and 
(e) SnO2/a-Si, hm =4.2 nm. 
Fig. 13: Simulated critical shear/tensile stresses for inducing interfacial failure at interfaces 
between thin film layers of (a) SnO2 and a-Si and (b) a-Si and ZnO. 
Fig. 14. (a) Specific normal grinding force as a function of hm and (b) experimental normal 
load on an individual abrasive grain against hm. 
Fig. 15. Surface roughness as a function of maximum undeformed chip thickness hm. (a) 
Glass, (b) SnO2 and (c) a-Si. 
List of table: 
Table 1. Mechanical properties of the thin film layers [8]. 
Table 2: Grinding conditions, maximum undeformed chip thicknesses and interface status. 
 
Highlights 
High speed grinding characteristics of a thin film multilayer were reported for the first 
time. 
Maximum undeformed chip thickness was found to be a good measure to the 
interfacial failure in the grinding of multilayers. 
FEM analyses revealed that shear stress at interface was the main cause for interfacial 
delamination. 
 
